Abstract-This paper presents a two-dimensional infinite dipole array system with a mushroom-like high-impedance surface (HIS) ground plane with wide-angle scanning capability in the E-plane. The unit cell of the proposed antenna array consists of a dipole antenna and a four-by-four HIS ground. The simulation results show that the proposed antenna array can achieve a wide scanning angle of up to 65
I. INTRODUCTION
Generally, the main beam of a planar phased array cannot effectively scan to large angles due to the mutual coupling among the antenna elements and the excited surface waves (SWs), which can cause the reflection coefficient S11 to increase rapidly [1] . Several different approaches have been applied to improve the radiation performance of planar phased arrays, such as a subarray technique for suppressing SWs [2] , inhomogeneous substrates [3] , reduced surface wave (RSW) antenna elements [4] , and defected ground structures [5] .
In recent years, there has been increasing interest in utilizing high-impedance surface (HIS) [6] structures in array design. Because of their unique reflection phase and bandgap characteristics, HISs provide a new degree of freedom in antenna design; for example, HISs are widely used as the ground planes of arrays to suppress SW generation using the HIS gap [7] - [9] . They can also be placed between array elements [10] , [11] to reduce the mutual coupling between those elements to extend the scanning range of the beam.
Recently, researchers have explored whether the SW modes supported by HISs can help to improve certain aspects of the radiation performance of antennas or antenna arrays. In [12] , it is shown that the TE SW is resonantly excited and the edge radiation is favorable for broadening the bandwidth and maintaining the radiating pattern in the bandwidth. Li et al. [13] proposed that one dipole antenna and two parasitic elements be placed in close proximity to a finite HIS ground. Using the advantage of TE SW propagation on an HIS and the HIS edge radiation, a wide beam tilting toward the endfire direction is achieved. Then, Li et al. [14] designed an HISbased linear array with eight dipoles whereby the HIS edge radiation of the SW supported by the HIS is also utilized to achieve wide-angle scanning in the H-plane. Thus, these works demonstrate that an HIS SW that causes HIS edge radiation can improve the radiation performance for single elements or small arrays on an HIS. However, this method cannot be applied to a large array on an HIS since the importance of edge radiation will be significantly reduced with an increasing number of array elements, and scan blindness may occur because the SW can absorb large amounts of radiating energy. For large antenna arrays and infinite arrays, is it possible to find a design whereby the SW mode supported by the HIS ground can improve the wide-angle scanning performance? To the best of our knowledge, there is no relevant research on this topic.
In this paper, we will design a two-dimensional infinite dipole array system with a mushroom-like HIS ground plane. With the unique reflection phase characteristics of the HIS ground plane, this array can achieve a wide scanning angle of up to 65
• in the E-plane with a small S11. Then, we will analyze the relationship between the reflection phase of the HIS and the active impedance of the array by Floquet mode analysis, demonstrate that the reflection phase of HIS is a parameter that is critical to the antenna's radiation performance, and reveal the mechanisms behind our design. We find that there are two mechanisms supporting the wideangle performance in such infinite arrays: (i) The coupling effect between real antenna elements and the mirror antenna elements with an HIS as the ground can cancel the mutual coupling between the real antenna elements. This canceling ensures the very good radiation performance for a small scanning angle range 0
• -20
• .
(ii) For large scanning angles of 20
• -65
• , the downward high-order Floquet radiating field from the antenna array can excite the SW mode of the HIS, and with periodic scattering of the antenna array, such an SW mode can be transformed into a leaky wave (LW) mode [15] . Due to the specially designed reflection phase of the HIS, the radiation from the LW mode can be coherently added to the direct upward radiating field from the antenna array in a wide angle range. The imaginary part of the active impedance is thereby maintained at a small value, while the real part remains almost constant over a wide scanning angle range. This paper is structured as follows. An infinite twodimensional dipole array with a mushroom-like HIS ground plane is proposed, and the simulation results of the active impedance and reflection coefficient S11 of our design are presented in Sec II. Then, we use Floquet mode analysis to calculate the active impedance and the reflection coefficient S11 of the system and show the relationship between the reflection phase of the HIS and the active impedance of the array in Sec III-A. The mechanisms of the excellent performance of our design are analyzed in detail in Sec III-B and Sec III-C. Finally, we conclude our paper in Sec IV.
II. DIPOLE ARRAY DESIGN BASED ON HIS GROUND PLANE AND HFSS SIMULATIONS
In general, to ensure excellent radiation performance, we hope that the field reflected by the ground plane will be inphase with the direct radiation field of the antenna array. However, for traditional design with the PEC as ground, we can only guarantee the "in-phase" property for one angle (e.g., the zero scanning angle) since the reflection phase is a constant. The phase difference between the reflected field and the direct radiating field increases when the scanning angle becomes larger. Because the reflection phase of HIS varies with the incident angle, it is possible to achieve the "in phase" property within a certain range of scanning angle if we design a special HIS as ground. In addition, because of its complex and unique reflection phase, the SW mode of HIS ground can be very different from the traditional SW mode of PEC which will weaken the radiation performance of arrays in general. We will show that the SW mode of the HIS can greatly improve the radiation performance of antenna arrays under certain design.
After optimization of the parameters of dipole antenna, the HIS ground and the dielectric substrate between them, we design a two-dimensional infinite dipole array, and the simulation model of the unit cell of our design is shown in Fig. 1 . This unit cell consists of a dipole antenna printed on substrate back by the four-by-four HIS ground plane. The lattice constant is a = b = λ/2 = 30 mm, where λ denotes the wavelength in free space at the operation frequency 10 GHz. The length and width of the infinitely thin dipole are l = 10.32 mm and t = 0.06 mm respectively. The region between dipole and HIS is filled with dielectric substrate with the thickness d = 5.7 mm and the permittivity ε 1 = 2.55. For HIS design, an infinitely thin square patch with a side length of w = 3.15 mm is printed on top of a grounded substrate with a dielectric constant of ε 2 = 4.4 and a thickness of h = 1.95 mm. The length of the gap between adjacent patches is g = 0.6 mm. Vertical conducting paths with a diameter of via = 0.36 mm are used to connect the upper patches to the ground plane.
The infinite array performance was analyzed based on this unit cell using a commercial full-wave EM simulation software High Frequency Structure Simulation (HFSS) which applies Floquet's theorem of periodic boundaries. While this method accounts for the mutual coupling between the array elements, it does not include the effect of edge elements in the case of finite arrays. In the simulation setup, periodic boundaries are used at the sides of the unit cell of antenna array in both x and y directions, and a Floquet port terminates the setup from the top. The radiating modes from the structure surface propagate within air, filled between the unit cell surface and Floquet port, and are absorbed from the top. The dipole is fed at the center by a lumped port with a port impedance of 16 ohms so as to match the input impedance at broadside. Next, the active input impedance, the magnitude of the reflection coefficient S11 versus the scanning angle and the scanning performance will be calculated by ANSYS HFSS simulations. Fig. 2 shows the active impedance variations during an Eplane scan, where the solid lines are obtained from HFSS simulations, while the dashed lines will be explained in the next section. It can be seen that the imaginary part of active impedance is maintained at a small value, while the real part remains almost constant within the scanning angle range of 0
• − 65 • , which indicates that the array exhibits excellent impedance-matching performance.
We calculate the magnitude of the reflection coefficient S11 of the HIS-ground-plane-based array during an E-plane scan and compare it with that of an array with a PEC ground plane, as shown in Fig. 3 , where the red solid line is the case of the HIS ground and the blue solid line is the case of the PEC ground plane. The comparison reveals that the impedance-matching performance of the array with the HIS ground plane is significantly better than that of the array with the PEC ground plane. From Fig. 3 , we can see that the array can achieve a wide scanning angle of up to 65
• with S11 < 0.4. In addition, for the case of the HIS ground plane, the simulated scan performance of our array in the E-plane at 10 GHz is shown in Fig. 4 . We can see that the main beam of our array can scan from -65
• to +65
• in the E-plane with a gain fluctuation less than 3 dB and a maximum sidelobe level (SLL) less than -10dB. The radiation patterns corresponding to the main beam toward 0
• , ±20
• , ±40
• , ±65
• are particularly plotted in Fig. 4 . By contrast, for the case of the PEC ground, the array can only scan its main beam to 35
• at the same standard, and scan blindness appears at 45
• since the SW mode is excited. As a result, the proposed array can scan its main beam over the range from -65
• .In the next section, we will analyze why the proposed system can achieve wide-angle scanning. 
III. DISCUSSION
In the previous section, we introduced the design of a infinite dipole array that can achieve wide-angle scanning in the E-plane . In this section, we will analyze the relationship between the HIS reflection phase and the active impedance of the array via Floquet mode analysis to show that the reflection phase of HIS is a parameter that is critical to the antenna's radiation performance, thereby revealing the mechanisms behind our design.
A. Floquet Mode Analysis
In this subsection, Floquet mode analysis is used to calculate the active input impedance and the magnitude of the reflection coefficient S11 versus the scanning angle. Then, we compare the theoretical results from the Floquet mode analysis with those of the HFSS simulations. Additionally, the effect of the HIS reflection phase is clearly shown in the analysis.
According to Floquet mode analysis [16] , the active input impedance Z FL of an infinite antenna array with a general ground can be obtained by
with
where k is the wavenumber in a medium or in free space, θ TE/TM mn are the reflection phases of the Floquet modes reflected by a general ground, e.g., the HIS in our design. In Eq. 6, k x0 and k y0 are phase progression factors related to the intended direction of radiation. If (θ, φ) are angles in spherical coordinate system related to the intended direction of radiation, then
We note that the term in Eq. 1 with the reflection phase of the HIS ground shows the contribution of reflected waves to the active impedance. From Eq.1, we can calculate the active impedance and reflection coefficient S11 and compare the results with those of the HFSS simulations. If the results fit very well, then we have confidence that our analysis is correct. However, in order to calculate the active impedance, we must first obtain the reflection phases θ TE/TM mn of the HIS. We calculate the reflection phases of different orders of Floquet modes using EastWave commercial software based on the finite-difference time-domain (FDTD) method. We can then bring the reflection phases θ TE/TM mn into Eq.1 and obtain the contribution to the active impedance from all Floquet modes, as shown by the red and blue dashed lines in Fig.  2 . Meanwhile, we can calculate the reflection coefficient S11 by Eq. 1. We find that the theoretical results are in good agreement with the simulation results. Moreover, from the Fig. 2 calculated results, we find that the most important Floquet modes for our antenna array which can affect the impedance and S11 are the TM 0,0 mode and the TM −1,0 mode. This finding is easy to understand for two reasons. The first is that we consider only E-plane scans in this work, so the TM modes dominate the far-field radiation. The second is that except for the TM 0,0 mode and the TM −1,0 mode, all TM modes are evanescent waves in all scanning angle ranges, and they contribute only small perturbations of the active impedance and S11.
The calculated results of the reflection phases of the TM 0,0 mode and the TM −1,0 mode are shown in Fig. 5 . We can see that the reflection of the TM 0,0 mode decays almost linearly with the scanning angle within the range of 0
• − 20 • , which is very important for the excellent radiating properties for small scanning angles. For the TM −1,0 mode, its field is an evanescent wave so that the reflection phase is zero when the scanning angle is smaller than 20
• . Once the scanning angle is larger than 20
• , the field of the TM −1,0 mode propagates in the substrate material and the reflection phase of this mode is no longer zero. With the reflection phases, the contributions from both the TM 0,0 mode and the TM −1,0 mode on the active impedance are shown by the dashed lines in Fig. 6 . The real part of the active impedance obtained from Eq.1 with the contributions of only these two modes is in good agreement with the result obtained from all modes, while the changing trend of the imaginary part of the impedance is essentially the same as that with the contributions of all modes. Therefore, there must be some basic mechanisms which support such good agreement. In the next two subsections, the mechanisms of the excellent performance of the array with the HIS ground plane will be analyzed in detail.
B. Effect of the HIS Ground Plane in a Range of Small Scanning Angles
In this subsection, we demonstrate how the HIS ground plane improves the scanning performance of the antenna array over the range of small scanning angles 0
• − 20
• considering the special reflection phase of the HIS. For the small scanning angles, the dominant mode is the TM 0,0 mode because the field of the TM −1,0 mode is still an evanescent wave.
First, we make a naive assumption that the reflection phase of the TM 0,0 mode from the HIS ground is constant, i.e., it is maintained at the value of zero scanning angle −37
• for any scanning angle, while the reflection phases θ TE/TM mn of the other modes still change in their original manner. Then, we can calculate the active impedance versus the scanning angle using Eq.1 and the result is shown by the dashed lines in Fig.  7 . Compared with the original calculated results shown by the solid line in Fig. 7 , we can see that if the HIS reflection phase of TM 0,0 mode were a constant similar to PEC, the original excellent properties such as the almost-constant real part and the nearly-zero imaginary part at scanning angles less than 20
• , would be destroyed. Clearly, the only explanation for such destruction is that the changing HIS reflection phase versus the scanning angle shown by the blue line in Fig. 5 is very critical for small scanning angles.
From the view of an image antenna, we can more clearly see the effect of the reflection phase of an HIS. We emphasize that there are two different approaches to study the physical effects of the reflected field from the ground. One approach is to study the reflected field directly as we did before. The other approach is to introduce the image antenna (or image antenna array) whose radiating field is substituted by the reflected field with the exact same phase and magnitude. Hence, the effect of the reflected field on the real antenna array could be viewed as the coupling between the real antenna array and the image antenna array. To clearly show the coupling effects on the active impedance, we simplify the infinite two-dimensional array to the model shown in Fig. 8, where a, b , and c are real dipoles on an infinitely large ground with reflection phase θ r . Without the ground plane, the impedance of antenna b could be obtained by:
where Z b is the self-impedance, Z ij is the mutual impedance between elements i and j, and θ ij is the input current phase difference between elements i and j. It is well known that the Z 0 b,in changes with the scanning angle since the input current phase difference θ ij changes with the scanning angle.
With a ground, image dipoles a , b , and c should be introduced and the active impedance of element b is:
From eq. 10, we can see that the active impedance of antenna b varies with the scanning angle if the reflection phase of the surface is constant. However, for an HIS, the reflection phase decreases almost linearly with the scanning angle as shown by the blue line in Fig. 5 . With increasing scanning angle, the change caused by Z ab e jθ ab +Z cb e jθ cb could be canceled by the change caused by Z a b e j(θ ab +θr) + Z b b e jθr + Z c b e j(θ cb +θr) . In other words, the mutual coupling effect between elements of a real array at small scanning angles can be compensated by the mutual coupling effect from the mirror array, thereby greatly improving the radiation performance of the antenna array with an HIS ground.
C. Effect of the HIS Ground Plane Over a Range of Large Scanning Angles
In the previous subsection, the improving of radiation efficiency in small scanning angles is explained. In this subsection, we will demonstrate the new mechanism of the HIS ground plane in improving the scanning performance of the antenna array over a range of large scanning angles, and reveal the effect of the LW mode.
First, we detect the effect of the reflection phase of the HIS on the TM −1,0 Floquet mode, shown by the red line in Fig. 5 . Similarly, at first we assume that the reflection phase of the θ TM −1,0 of TM −1,0 mode from the HIS ground always is zero for any scanning angle, while the reflection phases θ TE/TM mn of all other modes still change in their original manner. We can then calculate the active impedance versus the scanning angle by Eq.1. The results are shown by the dashed lines in Fig. 9 . We can see that when the scanning angle exceeds 20
• , the imaginary part of the active impedance begins to deviate from the original value and for larger scanning angles the deviating values become larger, which indicates that the coupling effect between real antenna elements and the mirror antenna elements with an HIS as the ground can cancel the mutual coupling between the real antenna elements. It is obvious that the reflection phase of the TM −1,0 Floquet mode from the HIS is very critical for large scanning angles.
The effects of the reflection phase of the TM −1,0 Floquet mode imply the new mechanism which influences the radiating properties of the antenna array. In the next paragraphs, we will reveal the mechanism step by step. First, we show that at large scanning angles this TM −1,0 Floquet mode can excite the SW mode supported by the HIS substrate (composed of the HIS ground plane and the dielectric layer above it, which is shown by the inset in Fig. 10 ). Then, we illustrate that this SW mode can be converted into the LW mode by the periodic modulation of the array. When the TM −1,0 resonantly excites the LW mode, the LW mode radiation is almost in phase with the direct radiating field from the array, so that the array performance at a large scanning angle could be excellent.
Using eigenmode solver of HFSS, we can calculate the dispersion curves of the unit cell of the HIS substrate. The simulation model of the unit cell is shown as the inset in Fig.10 . In the simulation setup, periodic boundaries are used at the sides of the unit cell, and an absorbing material (PML) terminates the setup from the top. The radiating modes from the structure surface propagate within air, filled between the unit cell surface and PML, and are absorbed from the top. The two modes TM 0 and TM 1 , supported by this HIS substrate are shown in Fig. 10 by the solid blue and red lines. Since they are lower than the light line which is shown by a black dashed line, both of them are SW modes. Generally, the condition for the existence of such SW modes is θ r + θ up + 2k z d = m × 2π, where θ r is the reflection phase of the HIS ground, θ up is the phase of total reflection at the interface between the medium and air, k z is the wavevector in the z direction in the substrate dielectric material, and m is the order of the SW modes. Clearly, the properties of SW modes are also influenced by the reflection phase of the HIS in a subtle way. In this paper, the working frequency is 10 GHz and the mode of TM 0 is very far away from this frequency, we neglect the TM 0 mode in this research. Once the propagation constant of the Floquet mode of antenna array is equal to the propagation constant of TM 1 mode of HIS substrate, TM 1 mode will be excited [1] .
However, this TM 1 mode can be transfer into LW mode. Since the period a of the antenna array is four times larger than the period of the HIS substrate, the dispersion curve of TM 1 should be folded back if using a as the period, as shown by the red dashed line in Fig. 10 . Now the red dashed line is above the light line (the black dashed line), which means the SW mode becomes the LW mode which could radiate. Actually, we have also calculated the dispersion curves of the unit cell of the antenna array, which is shown as an inset in Fig. 11 . As we expected, the dispersion curve of the mode 2 above the light line is like the dashed line in Fig. 10 . The physical reason for the transformation of the SW mode to the LW mode is shown in Fig. 12 . If the SW mode TM 1 of the HIS substrate could be excited by an external field, the SW mode will experience the periodic scattering by the antenna array and the scattered field could be a radiating field.
With all this preparation, we now can compose all the pieces together to show the mechanism of radiation with the help of the SW mode. When the antenna array scans at large angles, the Floquet mode TM −1,0 becomes the propagating field and it can excite the LW mode, which is from the SW of the HIS substrate with the periodic scattering of the array. Then, with the help of the LW mode, the total radiating performance of the antenna array could be greatly improved for large scanning angles.
Finally, we qualitatively analyze the effect of the LW and E LW , where the orange, blue and red lines in the free space are the propagation paths of E dir , E r 0,0 and E LW respectively, while the blue and red lines in the substrate are the propagation paths of TM 0,0 and TM −1,0 . mode on the scanning performance. As shown in Fig. 12 , we decompose the radiation field of the array in free space into three parts: the direct radiation field E dir of the antenna array, the reflected field E r 0,0 of the TM 0,0 mode and the radiation field E LW of the LW mode. Based on the observation that the LW mode field E LW is excited by the Floquet mode TM −1,0 in the substrate, the LW mode field has the following general form:
where a, ω 0 and γ are the complex amplitude, eigenfrequency and attenuation constant of the LW mode, respectively, and ω is the operating frequency of the antenna array. Then, the total radiation field E total can be expressed as the sum of the direct radiation field E dir , the reflected field E r 0,0 of the TM 0,0 mode and the radiation field from the LW mode excited by TM −1,0 :
When the scanning angle is relatively small, E dir and E r 0,0 dominate the radiation field while the LW mode is difficult to excite and its contribution could be neglected. As we have discussed in Sec. III-B, the special changing of the HIS reflection phase for the E r 0,0 mode can improve the scanning performance. When the scanning angle increases to a value larger than 40
• , two conditions for the excitation of the LW mode are satisfied. The first condition is that the Floquet mode TM −1,0 becomes a propagating wave in the substrate and the second condition is that the LW mode eigenfrequency ω 0 gradually decreases and is close to the antenna working frequency ω. Thus, E LW is almost resonantly excited by TM −1,0 , and it is nearly in phase with E dir . This mechanism explains why the LW mode can help the radiation of this antenna array. Actually, the E LW strengthens with increasing scanning angle. At the angle range from 40
• −65
• , the LW mode excitation can help the antenna radiation. However, when the scanning angle becomes very large, e.g., larger than 65
• , imaginary part of the active impedance rapidly grows, which means that it can absorb most of the energy radiating from the antenna, as shown in Fig. 2 . Finally, the LW excitation can generate scan blindness at approximately 76
To demonstrate that the LW mode is truly excited in our model, we have shown the field and the Poynting vector distribution of the LW mode in Fig. 13(a) and the total field of our antenna array at a scanning angle of 60
• in Fig. 13(b) . As we predicted in Fig. 12 , when the LW mode is excited by the TM −1,0 mode, the Poynting vector should be in the direction opposite to that of the radiation in the substrate, which is true in Fig. 13(a) and 13(b) . From Fig. 13(b) , we also can see that the direct of the radiation field on the antenna surface is nearly in phase with the LW mode since both are shown in red.
IV. CONCLUSION
An infinite two-dimensional dipole array with a mushroomlike HIS ground plane is designed, which can achieve a wide scanning angle of up to 65
• in the elevation plane. The active impedance and S11 of the array calculated via theoretical Floquet analysis are in good agreement with numerical simulation results. Two new mechanisms which support the excellent performance of such an array at a wide scanning angle are demonstrated theoretically and numerically. In the range of small scanning angles, these excellent properties are mainly from the special reflection phase of the HIS ground, which can cause the mutual coupling between the elements of a real array be compensated by the mutual coupling effect from the mirror array. For the range of large scanning angles, since the surface wave (SW) mode could be resonantly excited by high order Floquet mode TM −1,0 from the array and the SW mode could be converted into a leaky wave mode by the scattering of the array, the radiation field from the LW mode is nearly in phase with the direct radiating field from the array. Therefore, with the help from the special reflection phase of the HIS and the designed LW mode on the HIS ground, the antenna array with an HIS ground can achieve wide-angle scanning performance. We think these mechanisms could be widely used in the design of wide-angle scanning arrays.
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